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ABSTRACT 
Indirect survey methods are often used in studies of mammals, but are susceptible to biases caused 
by failure to detect species where they are present. Occupancy analysis is an analytical technique 
which enables non-detection rates to be estimated and which can be used to develop and refine novel 
survey methods. In this study, we investigated the use of footprint tunnels by volunteers as a method 
for surveying occupancy of sites by hedgehogs Erinaceus europaeus. The survey protocol led to a 
very low non-detection rate and could reasonably be used to detect occupancy changes of 25% with  
statistical power of 0.95 in a national survey.  
 
 
INTRODUCTION  
Accurate estimates of population size, or reliable surrogate measures, are essential for effective 
wildlife management and conservation. However, as many mammal species are difficult to observe 
directly, indirect techniques based upon field signs have been widely used (Wilson & Delahay 2001). 
Yet indirect methods can be associated with significant problems (e.g. a lack of evidence that they 
correlate with animal density, failing to detect a species when it is present), which can lead to 
erroneous conclusions and inappropriate management actions. 
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 One approach for overcoming the problem of non-detection is the use of occupancy analysis, 
a maximum-likelihood based method in which repeated surveys are used to generate site-specific 
detection records from which the non-detection error rate can be estimated (MacKenzie et al. 2006). 
The application of occupancy analysis enables novel survey methods to be developed and refined so 
that error rates are minimised. We describe the use of footprint tunnels (Huijser & Bergers 2000) in 
combination with occupancy analysis as a method for surveying western European hedgehogs 
Erinaceus europaeus, a species of conservation concern in the UK (Battersby 2005, Wembridge 
2011). 
 
METHODS 
One hundred and eleven sites throughout the UK (but mostly in southern England) were surveyed 
between April 2011 and September 2013 inclusive. Surveys were conducted by members of local 
mammal groups and by university students supervised by the authors. Sites (e.g. farms, golf courses) 
were selected, without prior knowledge of hedgehog status, that were within acceptable commuting 
distance for surveyors and to which landowners granted access. At each site, 10 footprint tunnels 
(Figure 1) were placed alongside linear features (hedgerows, fences), as hedgehogs frequently follow 
these when travelling (Hof et al. 2012); tunnels were placed >100m apart, with no more than two 
tunnels in the same field. Tunnels were checked on five consecutive mornings at each site: food bait 
(tinned sausages) was replaced if necessary. Footprint papers were replaced if they were damaged or 
if hedgehog or non-target animal footprints were recorded; all papers were returned to the authors for 
verification. 
Data were analysed using PRESENCE v5.7 software (Hines 2006). Each night was treated as 
a repeat survey; sites were classified as occupied if hedgehog footprints had been recorded in any 
tunnel on any night. Tunnels were not considered independent, as individual hedgehogs could have 
visited more than one tunnel each night. Data were analysed annually and after pooling across all 
three years; only the most recent information was used. In initial analyses, models were based upon 
constant versus variable (survey-specific) daily detection rates; the latter were used to investigate 
whether hedgehogs habituated to the tunnels over time.  The optimal model was selected using 
minimum Akaike’s Information Criterion (AIC) values, and was used to estimate the number of 
survey nights required to determine absence at a site at 0.80 and 0.95 confidence levels (McArdle 
1990). 
The effects of three categories of covariates on occupancy were investigated using subsets of 
the data: (i) season (spring: April-May; summer: June-July; autumn: August-September; N=111 
sites); (ii) habitat (N=87); and (iii) habitat and the presence or absence of badgers Meles meles 
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(N=73). The season was included in order to allow survey timing to be optimized; both habitat and 
badger presence have been shown to influence hedgehog presence (Young et al. 2006, Hubert et al. 
2011). Land cover types representing UK Biodiversity Action Plan Broad Habitats obtained from 
Land Cover 2007 vector data (Morton et al. 2011) were aggregated into five categories: urban, 
woodland, grasslands, arable and other. Habitat availability was quantified as the proportional area of 
each class within a circle with radius 500 m centred on the centre of each site; this radius was 
selected to encapsulate the likely home range size of hedgehogs in these sites. As sample sizes were 
moderate, individual occupancy models included a maximum of two habitat classes. Badgers were 
classed as present or absent from each site based on field signs, observations during nocturnal 
spotlight counts and conversations with landowners. As the data were often over-dispersed, 
adjustments were made to the variance inflation factor (ĉ) and models were ranked by quasi-AIC 
(QAIC) values (Anderson & Burnham 2002). Models with ΔQAIC values >2 or which did not 
converge were excluded as having little or no support (Burnham & Anderson 2002), except where 
models with constant and variable detection daily detection rates were compared; in this case, models 
with ΔQAIC values >2 were included for illustrative purposes. 
The suitability of the survey protocol for future monitoring purposes was assessed by 
estimating the number of sites needed to detect (α=0.05) a change in occupancy between two surveys 
(50%, 25%, 10%) with four different levels of repeat surveys per site (2, 3, 4 and 5 days) at a given 
level of power (0.80, 0.90, 0.95). Estimates of occupancy and detection were derived from the 111 
sites surveyed. Simulations were used to verify the performance of each study design; each scenario 
was run 5000 times and power was calculated as the proportion of simulations in which a significant 
difference was detected. All analyses were conducted using R code provided by Guillera-Arroita and 
Lahoz-Monfort (2012).  
 
RESULTS  
Occupancy models with a constant daily detection rate performed better than those with a variable 
daily detection rate (Table 1). All further analyses were, therefore, conducted using constant daily 
detection rate models. 
Collectively, naïve occupancy (the proportion of sites where hedgehogs were detected at least 
once) was 0.387; the daily detection probability was 0.593 (Table 1). There was negligible difference 
in naïve occupancy and estimated occupancy (0.392); the number of survey replicates required to 
determine absence ranged up to 3.6 (Table 1). Therefore, a survey conducted over four days was 
sufficient to be confident that the absence of footprints at a site reflected a true absence of 
hedgehogs. 
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Neither season (Table 2a) nor habitat (Table 2b) covariates alone improved model fit above 
that based solely on a constant daily detection rate. However, there was a significant negative 
relationship between badgers and hedgehogs (Table 2c): hedgehogs were twice as likely to be 
present at sites without badgers [Ψ = 0.506 ± 0.095 (mean ± standard error)] than at sites where 
badgers were present (Ψ = 0.247 ± 0.065). 
Given the sample sizes typically achieved in surveys of mammals by volunteers in the UK 
(<1000; Battersby 2005), power analyses indicated that the survey protocol would be suitable for 
detecting changes in occupancy of sites by hedgehogs in the order of 25% (Table 3). Substantially 
larger sample sizes would be required to detect changes of smaller magnitudes. 
 
DISCUSSION 
As hedgehog populations in Britain may be declining rapidly (Wembridge 2011), there is an urgent 
need for a method that can be used to monitor changes in hedgehog abundance and distribution,  and 
to identify factors associated with their decline. The method should overcome some of the limitations 
associated with other methods currently being used (Battersby 2005, Hof & Bright 2009, Roos et al. 
2012), such as low detection rates (Poulton & Reeve 2010), the non-random selection of sites (Toms 
& Newson 2006), and bias due to road avoidance by hedgehogs (Rondinini & Doncaster 2002). The 
footprint tunnel method described in this study meets this need. Most importantly, naïve versus 
estimated occupancy rates were very similar, indicating a very small non-detection rate. These results 
provide strong evidence that the survey methodology reliably detected hedgehogs at sites where they 
were present. In addition, footprint tunnels can be used in a wide range of habitats and at a spatial 
scale that is likely to reflect different management practices within the wider landscape (e.g. on 
individual farms). They are also suitable for use by volunteer surveyors: tunnels can be placed 
optimally within each site in known positions, thereby eliminating the need to search for potentially 
sparse field signs; they can be checked during the day; and the resultant footprints can be retained for 
verification. Furthermore, lack of a seasonal effect between April and September on detection 
success, and the potential for reducing the amount of survey time required from five days to four 
further increase the technique’s utility. The use of volunteers is likely to reduce costs significantly 
while simultaneously increasing statistical power and engaging stakeholders (Battersby 2005; Toms 
& Newson 2006).  
Although most sites surveyed were in southern England, the overall occupancy rate recorded 
in this study was similar to or lower than indices reported in other studies (36-45% in urban areas, 
30% on farms, 47-57% of roads surveyed: Hof & Bright 2009; Roos et al. 2012). Collectively, these 
data indicate that hedgehogs appear to be more heterogeneously distributed than they were 
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historically. Similarly, acknowledging the limited sample size, only the presence or absence of 
badgers significantly affected hedgehog occupancy: this is consistent with other studies which have 
indicated a negative relationship between the two species (Young et al. 2006; Hubert et al. 2011; Hof 
et al. 2012). Assuming similar sample sizes to those achieved in other surveys of mammals by 
volunteers in the UK (Battersby 2005), our technique is appropriate for detecting c. 25% changes in 
hedgehog occupancy with a high degree of statistical power.  
In summary, we have field-tested an indirect survey method for hedgehogs using the 
framework of occupancy analysis to address the specific problem of non-detection. This represents a 
powerful approach for validating indirect methods in surveys of mammals.  
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Table 1. Summary of models to estimate the probability of occupancy (Ψ, shown ± standard error) of 
survey sites by hedgehogs, based upon constant (2 parameters) versus variable daily detection rates 
(6 parameters); estimated occupancy rates are given only for constant detection rate models. The 
number of surveys needed is the number of visits required on consecutive nights to be 80% and 95% 
confident that non-detection at a site reflects the true absence of hedgehogs. Since the number of 
surveys needed is derived from a sample estimate of detection, the confidence intervals around the 
number of sites needed were calculated from the standard errors derived from the detection estimates 
(McArdle 1990). 
 
 
QAIC =  Quasi-Akaike’s Information Criterion 
ΔQAIC =  Delta Quasi-Akaike’s Information Criterion: the difference in QAIC value between each 
model and the current top-ranked model (that with the lowest QAIC). 
AICwgt = Akaike’s Information Criterion weight: a measure of support for each model being the 
‘best’ model 
SE = standard error 
 
Year No. 
of 
sites 
Daily 
detection 
rate 
QAIC ΔQAIC AICwgt Estimated 
Ψ (±SE) 
Detection 
rate (±SE) 
No. of surveys needed  
(±1.96 SE) 
80% 
confidence 
95% 
confidence 
2011 26 Constant 55.11 0.00 0.937 0.385 (0.095) 0.820   (0.055) 1.0 (0.6 - 1.4) 
 
1.7 (1.1 - 2.5) 
 Variable 60.51 5.40 0.063 
2012 62 Constant 117.30 0.00 0.961 0.476 (0.065)  0.556 (0.043) 1.9 (1.6 - 2.5) 
 
3.6 (2.9 - 4.6) 
 Variable 123.68 6.38 0.039 
2013 32 Constant 92.33 0.00 0.971 0.315 (0.083) 0.615   (0.071) 1.7 (1.2 – 2.5) 3.1 (2.2 – 
4.6) Variable 99.35 7.02 0.029 
All 
years 
111 Constant 159.95 0.00 0.944 0.392 (0.047) 0.593   (0.035) 1.8 (1.5 – 2.2) 3.3 (2.8 – 
4.1) Variable 165.58 5.63 0.056 
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Table 2. Summary of constant detection rate models comparing the effects of (a) season (N=111 
sites), (b) habitat composition only (N=87 sites) and (c) habitat composition and the presence or 
absence of badgers (N=73 sites) on occupancy of sites by hedgehogs. The model with badgers only 
best explains occupancy of sites by hedgehogs. Models with ΔQAIC values >2 were excluded. 
 
QAIC =  Quasi-Akaike’s Information Criterion 
ΔQAIC =  Delta (Δ) Quasi-Akaike’s Information Criterion is the relative difference in QAIC values 
between each model and the currently top-ranked model (the one with smallest QAIC) 
AICwgt =  is the Akaike’s Information Criterion weight which is a measure of support for each 
model being the ‘best’ model 
SE = standard error 
 
Analyses Covariates QAIC ΔQAIC AICwgt No. 
parameters 
-2 log 
likelihood 
(a) Season - 165.73 0.00 1.00 2 436.67 
(b) Habitat - 126.95 0.00 0.55 2 319.66 
Arable 128.70 1.75 0.23 3 319.01 
Urban 128.71 1.76 0.22 3 319.05 
(c) Habitat 
and badgers 
Badgers 112.91 0.00 0.36 3 256.59 
- 112.98 0.07 0.35 2 261.54 
Arable and badgers 114.60 1.69 0.15 4 255.83 
Grass and badgers 114.87 1.96 0.14 4 256.49 
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Table 3. Results of power analysis showing the number of sites required to detect a significant 
percentage change in site occupancy by hedgehogs for a given survey effort, to achieve different 
levels of statistical power.  
 
% change in 
occupancy 
Survey effort 
(no. of days 
surveyed) 
No. of sites required to achieve stated level of statistical 
power 
0.80 0.90 0.95 
10 2  4250  5690  7036 
25  640  856  1059 
50  140  188  232 
10 3  2820  3775  4668 
25  429  574  710 
50  95  127  157 
10 4  2537  3396  4200 
25  387  519  641 
50  86  115  142 
10 5  2453  3283  4060 
25  375  502  621 
50  84  112  138 
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Figure 1. Design of the footprint tunnels used to survey hedgehogs in this study. Tunnels were 
constructed from corrugated plastic (Correx®). Bait consisted of commercial hotdog sausages to 
attract hedgehogs into the tunnel and the ink was made of vegetable oil and carbon powder.  
 
 
 
 
 
